T o date, highly active antiretroviral therapy for HIV type 1 (HIV-1) has led to a dramatic effect in reduction of the extent of viral load, improvement of CD4 ϩ T cell number status, and often remarkable recovery from disease in infected individuals (1) (2) (3) (4) . However, due to many factors such as the possible appearance of drug-resistant mutants, side effects, and high cost, there is still a great need for improved therapies.
CXC chemokine receptor (CXCR)4 is a coreceptor for the entry of T cell line-tropic (X4) strains of HIV-1, and CC chemokine receptor (CCR)5 serves as a coreceptor for macrophage-tropic (R5) strains of HIV-1 (5) (6) (7) (8) . In addition, the CXC chemokine stromal cell-derived factor 1␣ (SDF-1␣) blocks the infection of lymphocytes by X4 HIV-1 isolates (9, 10) , and the CC chemokines regulated on activation, normal T cells expressed and secreted (RANTES), macrophage inflammatory protein (MIP)-1␣, and MIP-1␤, which are ligands for CCR5, inhibit the infection of R5 HIV-1 isolates (11) . These observations suggest that chemokines or chemokine derivatives or small-molecule chemokine receptor antagonists or agonists may be useful for the treatment of HIV-1 infection. Indeed, several groups of low molecular weight compounds are reported to inhibit HIV-1 infection, including the bicyclam AMD3100 (12) (13) (14) and 18-mer peptide T22 (15, 16) , which potently block HIV-1 entry and infection through CXCR4. More recently, a nonpeptide small molecular weight compound named TAK-779 was found to be a potent and selective CCR5 antagonist (17) . Unfortunately, it is not possible to administer these compounds by the oral route. We believe that oral availability is one of the key issues to be achieved for anti-HIV drugs for the benefit of HIV-1-infected individuals, because HIV-1 infection is chronic and life-long. We therefore focused on the development of orally available chemokine antagonists. This study describes the discovery ing RPMI medium 1640 for 7 days. These activated cells were treated with 10 M AMD3100 or KRH-1636 in the IL-2-containing medium at 37°C for 1 h. After washing with cold PBS containing 2% FCS and 0.1% NaN3 [fluorescence-activated cell sorting (FACS) buffer], the cells were pretreated with normal human IgG at 0.1 mg͞ml in FACS buffer for 15 min on ice to block the Fc receptors and then stained directly with 12G5-phycoerythrin (PharMingen) for 30 min or indirectly with rat IgG1 monoclonal antibodies A145, A80 (22) and T227 at 5 g͞ml for 30 min followed by goat anti-rat IgG-FITC (DAKO) treatment for 30 min on ice. After washing, the cells were fixed with 1% paraformaldehyde in FACS buffer for 5 min at room temperature and then analyzed on FACSCalibur (Becton Dickinson), a f low cytometer, with CELLQUEST software (Becton Dickinson). The area of positivity was determined by using an isotype-matched mouse monoclonal antibody (Beckman Coulter) and a rat monoclonal antibody against hepatitis C virus, Mo8 of IgG1 isotype (23) .
In Vitro Anti-HIV-1 Assays. The 3-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT, Sigma-Aldrich) assay using MT-4 cells was carried out as described (24, 25) . For the p24 accumulation assays, PHA-stimulated PBMCs were infected with HIV-1 in the presence of various concentrations of the test compounds unless otherwise stated (16) .
Fusion Assay. MOLT-4 and MOLT-4͞HIV-1 HTLV-IIIB cells were cocultured for 1 day as described (26) .
DNA Construct and Transfection. Human cDNAs for CCR3 (27) , CCR4 (28), CCR5 (29) , and CXCR1 (30) were amplified by PCR from a human PHA-stimulated PBMC cDNA library and cloned into the pcDNA3.1(ϩ) expression vector with cytomegalovirus promoter (Invitrogen). Transfection was performed with Chinese hamster ovary (CHO) cells by using Lipofectamine (Life Technologies, Grand Island, NY), and stable transfectants were selected in the presence of 600 g͞ml geneticin (Life Technologies).
Ligand-Binding Assays. MT-4, CHO, or chemokine receptorexpressing CHO cells (5 ϫ 10 6 cells per 0.2 ml per well) were cultured in a 24-well microtiter plate. After 24 h of incubation at 37°C, culture medium was replaced with binding buffer (RPMI medium 1640 supplemented with 0.1% BSA). Binding reactions were performed on ice for 2 h in the presence of [ 125 I]SDF-1␣ [Daiichi Kagaku Yakuhin, Tokyo; specific activity, 2,200 Ci͞mmol (1 Ci ϭ 37 GBq)] and various concentrations of the test compound. The binding reaction was terminated by washing out the free ligand with cold PBS, and the cell-associated radioactivities were counted by using a scintillation counter (Packard Japan, Tokyo).
Coreceptor-Mediated Ca 2؉ Signaling. Fura2-acetoxymethyl ester-loaded HOS͞CXCR4 cells were incubated in the absence or presence of various concentrations of KRH-1636. Changes in the intracellular Ca 2ϩ level in response to SDF-1␣ (1 g͞ml) were determined by using a fluorescence spectrophotometer.
Infection of Human PBL͞Severe Combined Immunodeficiency (SCID)
Mice. Female C.B-17 SCID mice were purchased from CLEA Japan (Tokyo). i.p. and intrasplenic cell transfers were performed on 6-to 8-week-old mice. SCID mice were depleted of natural killer cells by i.p. injection with TM␤-1 rat anti-mouse IL-2R␤ monoclonal antibody (31) (1 mg per animal) . After 1 day, 1 ϫ 10 7 human PBMCs were introduced into the peritoneum together with human rIL-4 (0.4 g per animal; PeproTech, Rocky Hill, NJ). On the next day, KRH-1636 (0.1 ml of 2 mM solution per animal) or control (0.1 ml of medium alone) was administered i.p. The NL4-3 strain of HIV-1 (0.2 ml of 1 ϫ 10 4 tissue culture 50% infective dose per milliliter of stock) was infected i.p. On days 1-7 after infection, the same dosage of KRH-1636 or medium was administered i.p. On days 1, 3, 5, and 7 after infection, 0.4 g of rIL-4 was also administered i.p. On day 9 after infection, plasma and peritoneal lavage fluid (4 ml) were collected and assayed for HIV-1 p24 with an ELISA kit. At the same time, CD4 ϩ and CD8 ϩ T cell numbers were counted. For the intrasplenic inoculation, 1.5 ϫ 10 6 PBMCs were transplanted into spleen together with human rIL-4 (0.4 g) 2 days after TM␤-1 treatment. On the same day, KRH-1636 (0.1 ml of 2 mM solution per animal) or control (0.1 ml of medium alone) was injected i.p. After 1 day, mice were challenged i.p. with the NL4-3 strain of HIV-1 (0.2 ml of 1 ϫ 10 4 tissue culture 50% infective dose per milliliter of stock). On days 1-4 after infection, mice were administered i.p. with repeated doses of KRH-1636 or medium. On day 4 after infection, 0.2 g of rIL-4 was also inoculated i.p. On day 12 after infection, plasma and peritoneal lavage fluid (4 ml) were collected and assayed for HIV-1 p24.
A short-term in vivo test was performed. Mice were treated with TM␤-1. Twenty-four hours later, they were treated with KRH-1636 (0.2 ml i.p.) for 30 min. Animals then were administered i.p. with 4 ϫ 10 6 PBMCs activated with anti-CD3͞anti-CD28 antibody for 6 days and subsequently infected with HIV-1 (1-2 ϫ 10 3 tissue culture 50% infective dose per 0.1-0.2 ml i.p.) for 2 h. Cells in peritoneal lavage fluid were collected and cultured in IL-2 (20 units͞ml)-containing medium. Nine days after culture, p24 assay was performed on culture supernatants.
Detection of KRH-1636 in the Blood After Intraduodenal Administration. Male Wistar rats (6 weeks old, CLEA Japan) were used for in vivo studies. KRH-1636 or methansulfonated KRH-1636 was dissolved in 45% hydroxypropyl-␤-cyclodextrin. After acclimation for at least 1 week, the rats were fasted for Ϸ18 h before KRH-1636 administration, anesthetized with diethyl ether, and then pylorus ligated. KRH-1636 was administered into the duodenum through a tube at the dose of 200 mg͞ml per kg (two rats for KRH-1636 and three rats for methansulfonated KRH-1636). Blood samples were taken from cervic-venous by using a heparin-treated syringe at 0.25, 0.5, 1, 2, 4, and 6 h after administration and centrifuged to separate the plasma. Next, 100 l of the plasma was mixed with 400 l of 0.1% formic acid͞methanol. After centrifugation (Kubota, Tokyo) at 15,000 rpm for 5 min, the supernatant was evaporated to dryness under the stream of nitrogen, and samples were dissolved in 25% acetonitrile͞0.1% formic acid solution and analyzed by the liquid chromatography mass spectroscope QP8000␣ (Shimadzu). Anti-HIV-1 activity in serial diluted rat serum with complete medium was measured by an MTT assay using MT-4 cells.
Results

KRH-1636 Is a Potent and Selective
Inhibitor of X4 HIV-1. More than 1,000 compounds from the chemical library of Kureha Chemical Industry were surveyed for anti-HIV-1 activity by the conventional MTT assay using CXCR4 ϩ MT-4 cells. Through optimization of the lead compound, we found KRH-1636 (Fig. 1a) to be an extremely potent inhibitor of HIV-1 replication in MT-4 cells. The chemistry will be described elsewhere. KRH-1636 completely inhibited X4 HIV-1 (IIIB strain) replication in MT-4 cells at a concentration as low as 0.06 M (Fig. 1b) . Its 50% and 90% effective concentrations (EC 50 and EC 90 ) were 0.0193 and 0.0478 M, respectively. The 50% cytotoxic concentration (CC 50 ) of KRH-1636 was 406.21 M when MT-4 cells were used. Thus, the selectivity index (ratio of CC 50 to EC 50 ) of KRH-1636 was Ͼ10,000, indicating that this compound is extremely potent and selective.
The inhibitory activity of KRH-1636 against X4 HIV-1 (NL4-3) replication in PBMCs was also demonstrated by a p24 accumulation assay of culture supernatants of the cells infected with the virus. KRH-1636 (0.0003-20 M) reduced the antigen levels in a dosedependent fashion at any time point (Fig. 1c) . KRH-1636 was also effective against HTLV-IIIB and three clinical isolates including YU-6 (20), YU-10, and YU-11 and showed a similar potency of action to that observed with the NL4-3 strain (Table 1 ). In contrast, KRH-1636 was ineffective against R5 HIV-1, YU-1, YU-2 (ref. 21 ; Table 1 ), and envelope-modified NL4-3 (data not shown) infection in PBMCs. The specific CXCR4 inhibitors, T22 and AMD3100, completely inhibited replication of the IIIB strain at 0.3 and 0.28 M, respectively, although they did not inhibit replication of the R5 HIV-1 Ba-L strain at concentrations up to 100 M (data not shown).
KRH-1636 apparently inhibited syncytium formation between MOLT-4 and its HIV-1-converted MOLT-4 cells (Fig. 1d) . This indicated that KRH-1636 exerted its effect at the initial step of HIV-1 infection such as viral entry and membrane fusion in the target cells.
All these data show that the effect of KRH-1636 is very similar to that of T22 and AMD3100 and strongly suggest that KRH-1636 might interfere with CXCR4 function as a coreceptor.
KRH-1636 Inhibits Ligand Binding to CXCR4. To investigate whether KRH-1636 exerts its effect as a CXCR4 antagonist, the inhibitory effect of the compound on ligand binding to the coreceptor was studied by using MT-4 cells, which express CXCR4 spontaneously. The result showed that [ 125 I]SDF-1␣ binding was efficiently and dose-dependently suppressed, showing the IC 50 of KRH-1636 (Fig.  2a) and control AMD3100 to be 0.013 M and 0.068 M, respectively. To determine whether the inhibitory effect of KRH-1636 on chemokine binding is specific to CXCR4, the activity of KRH-1636 was examined in CHO cells stably expressing CXCR1, CCR3, CCR4, or CCR5. This compound had no effect on the binding of (Fig. 2a) . These data clearly demonstrate that KRH-1636 selectively inhibits the binding of SDF-1␣ to CXCR4. (Fig. 2b) . The addition of 10 M KRH-1636 did not affect the Ca 2ϩ level but strongly abrogated the SDF-1␣-induced increase in the intracellular Ca 2ϩ level of HOS͞CXCR4 cells, and the effect was dose-dependent (Fig. 2b) . PHA-stimulated PBMCs were infected with X4-or R5-type HIV-1 strains in the presence of various concentrations of compounds. p24 was monitored 5 days after infection.
In contrast, this compound did not affect the Ca 2ϩ mobilization induced by RANTES, MCP-1, eotaxin, macrophage-derived chemokine, and MIP-1␣ in HOS͞CCR1, HOS͞CCR2b, HOS͞ CCR3, HOS͞CCR4, and HOS͞CCR5 cells, respectively, even at the concentration of 10 M (data not shown). These results indicate that KRH-1636 selectively blocks CXCR4-mediated Ca 2ϩ signaling.
Interaction of KRH-1636 with CXCR4. We used four different kinds of monoclonal antibodies, 12G5 [anti-CXCR4, HIV-neutralizing, recognizing its extracellular loop (ECL)1 and -2], A145 (anti-CXCR4, recognizing its N terminus), A80 (anti-CXCR4, HIV-enhancing, recognizing its ECL3), and T227 (anti-CCR5), to study the interaction of KRH-1636 with CXCR4. The binding of 12G5 and A80 but not A145 and T227 monoclonal antibodies to CD3-activated T cells was inhibited dramatically by KRH-1636 (Fig. 4 , which is published as supporting information on the PNAS web site, www.pnas.org). Interestingly, the control antagonist AMD3100 showed a similar result. From these data it is strongly suggested that KRH-1636 inhibited the binding of 12G5 and A80 to CXCR4 without inducing down-modulation of the CXCR4 molecule or affecting CCR5 expression.
KRH-1636 Blocks X4 HIV-1 Replication in Human PBL͞SCID Mice.
KRH-1636 was examined to determine whether it inhibits X4 viral replication in vivo. For this, we used both long-term and short-term in vivo assays with human PBL͞SCID mice. For the long-term tests we applied two different systems in which human PBL͞SCID mice were constructed by either an i.p. or intrasplenic inoculation of PBMCs. Because the effect of X4 virus (NL4-3) infection is not as clear as that of R5 virus infection in human PBL͞SCID mice, C.B-17 mice were treated with human rIL-4 during the infection period to enhance the replication of X4 HIV-1 (see Materials and Methods). The amounts of p24 in peritoneal lavage fluid in five of seven animals with PBMCs that were inoculated i.p. were below the detectable level in KRH-1636-treated mice 9 days after infection, whereas viremia was noted in all seven untreated mice (Table 2) . However, a decrease in HIV-1-infected CD4 ϩ T cell number was not clear in untreated mice under the present experimental condition (data not shown). Similarly, the amounts of p24 in the plasma and peritoneal lavage in two animals with PBMCs that were given intrasplenically were below the detectable level in KRH-1636-treated mice after infection, whereas viremia was noted in three untreated mice (data not shown). In a short-term in vivo test, KRH-1636 clearly inhibited viral replication and HIV-1-induced CD4 ϩ T cell decrease as observed in the in vitro assays (Table 3) .
KRH-1636 Is Absorbed Efficiently from the Duodenum into the Blood.
Finally, the absorbability of KRH-1636 was investigated by using rats as described in Materials and Methods. The concentration of KRH-1636 in plasma or serum was monitored by liquid chromatography MS (plasma) and anti-HIV-1 activity (serum) after in- traduodenal administration. To increase the drug availability, the methansulfonated analog of KRH-1636 was also synthesized and studied in a similar manner. The results showed that these compounds were absorbed efficiently from the duodenum of the rats (Fig. 3, a for KRH-1636 and b for methansulfonated KRH-1636) . The bioavailability of KRH-1636 and methansulfonated KRH-1636 in this experiment was estimated to be Ϸ7% and 69%, respectively, by liquid chromatography MS. Moreover, EC 50 (%) and EC 90 (%) of serum at 60 min after the administration of KRH-1636 was 0.18 and 0.27, respectively, as determined by the MTT assay using MT-4 cells (Fig. 3c) . In this experiment, the concentration of KRH-1636 in plasma at 60 min after administration was 30.6 M. Therefore, the concentration of KRH-1636 in the blood reached levels that are inhibitory to HIV replication.
Discussion
This report demonstrates a duodenally absorbable CXCR4 antagonist, KRH-1636, that has a potent anti-HIV activity both in vivo and in vitro.
KRH-1636 selectively inhibited infection of T cell line-tropic X4 virus strains including several clinical isolates without affecting R5 HIV-1. Macrophage-tropic R5 virus strains are isolated from individuals shortly after seroconversion and, during the asymptomatic period of the disease, seem to be responsible for sexual and parenteral transmission and represent the most prevalent phenotype (32, 33) . In contrast, X4 HIV-1 isolates tend to appear in infected individuals at the later stages of infection during transition from the asymptomatic to symptomatic state and may be involved in the rapid decline of CD4 ϩ T lymphocytes and progression to AIDS due to strong cytopathicity (34) . It therefore is important to find therapies to inhibit CXCR4-mediated infection by X4 HIV-1 to block progression to AIDS.
The inhibition of chemokine receptors by KRH-1636 seemed to be specific to CXCR4 because KRH-1636 was highly inhibitory to the binding of [ 125 I]SDF-1␣ to MT-4 cells (Fig. 2a) . Furthermore, chemokines binding to CXCR1, CCR3, CCR4, or CCR5 was not inhibited by this compound. Therefore, the inhibitory effect of KRH-1636 was shown to be selective for CXCR4. The inhibitory effects of KRH-1636 on the binding of monoclonal antibodies to CXCR4 (Fig. 4) also support this notion. The specificity of KRH-1636 to CXCR4 seems extremely important from a chemotherapeutic viewpoint, because nonspecific inhibition of ␤-chemokine receptors may generate serious side effects associated with chemokine dysregulation.
Similar to AMD3100, KRH-1636 did not induce the internalization of CXCR4 (Fig. 4) . However, KRH-1636 suppressed the binding of the anti-CXCR4 antibodies, A80 and 12G5, to activated CD4 ϩ T cells. Because these monoclonal antibodies are directed to the different ECLs of the seven-transmembrane receptor CXCR4, it is possible that KRH-1636 may interact with all three ECLs. Alternatively, KRH-1636 may induce a conformational change in the CXCR4 after binding to a distinct site of coreceptor. The exact site on the CXCR4 molecule targeted by this compound remains to be determined.
Oral availability remains one of the key goals to be attained as an anti-HIV drug, because retroviral infection continues throughout the life of infected people. Thus, oral administration of KRH-1636 was conducted in rats and SCID mice (data not shown), the plasma concentrations of the compound and pharmacokinetic parameters of which were determined. Although no measurable absorption of the currently available chemokine receptor antagonists has been reported, substantial transfer not only as a chemical but also as an active anti-HIV compound from the gastrointestinal tract to the blood was achieved with KRH-1636. Further improvement of oral availability and increased penetration into the central nervous system is needed.
C.B-17 SCID mice exhibit multiple immunological defects, and it has been demonstrated that this mutant strain efficiently receives human PBLs (35) . After infection, R5-type HIV-1, including JR-CSF and NFN-SX strains, could replicate very efficiently in association with the apparent CD4 ϩ T cell depletion. However, X4 virus does not replicate well in this system, and therefore CD4 ϩ T cell decline is not obvious (36) . To overcome this problem, the mice were treated with human IL-4 because our preliminary result showed that X4 virus strains favor the T helper 2-dominant status for their replication and induction of CD4 ϩ T cell decline (37) . Our studies clearly showed the in vivo inhibitory effect of KRH-1636 on the replication of X4 virus. Although this study was conducted by using an i.p. injection of the compound, oral administration should be effective, because oral bioavailability and efficient adsorption of this compound have been confirmed in rats and the SCID mouse system as well.
Several questions remain to be answered concerning the clinical outcome of coreceptor-based therapy (38) . Will blocking of normal CXCR4 function caused by treatment with antagonists be tolerated? In the case of CCR5 antagonists, it will be safe because of the lack of reported immunological disorders in individuals with CCR5⌬32 homozygotes. However, inhibition of SDF-1␣-CXCR4 interactions may be more problematic, because knockout of either the SDF-1␣ or CXCR4 gene in mice causes severe defects including abnormal hematopoiesis, cerebellar development, and vasculariza- Cells in peritoneal lavage fluid were collected and cultured in IL-2-containing medium, and a p24 assay was performed 9 days after culture. *0.1 mM, 0.2 ml.
tion of the gastrointestinal tract (39) (40) (41) . Should not the emergence of drug resistance be regarded as a serious matter? It is unlikely that frequent mutations occur in the second ECL of CXCR4. However, HIV-1 may be able to acquire resistance to KRH-1636 by amino acid mutations of the viral envelope protein gp120. In fact, an X4 HIV-1 resistant to SDF-1␣ and AMD3100 has been reported recently (42) . The resistant virus had multiple mutations in gp120 but did not switch chemokine receptor usage. These and related questions will hopefully be answered as coreceptor-based therapies proceed to clinical trials. Acute toxicological studies have indicated the absence of severe toxicity in rats that received KRH-1636 (1.5 mg͞kg per day) by i.v. administration for 4 days (data not shown).
In conclusion, KRH-1636, which can be absorbed from the duodenum into the blood, seems to be a promising agent for the treatment and prophylaxis of HIV-1 infection. Fig. 3 . Absorbability of KRH-1636 and methansulfonated KRH-1636 after intraduodenal administration into Wistar rats. Two and three rats were administered with KRH-1636 (a) and methansulfonated KRH-1636 (b), respectively. Each symbol represents the data from each animal. (c) The MTT assay was carried out by using MT-4 cells to determine the EC 50 (%) and EC90 (%) of serum at 60 min after the administration of KRH-1636. -ᮀ-, KRH-1636͞mock; -s-, KRH-1636͞HIV-1; -E-, control͞mock; -F-, control͞HIV-1.
